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Fig. 1 Coaxial powder feeding laser additive manufacturing. (a) Schematic of process ;

(b) as-deposited plates
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Table 1 Main process parameters of laser additive manufacturing
Sample Laser Scanning Spot Powder feeding Interlayer cooling
power /kW speed /(mm/min) diameter /mm rate /(g/h) time /min
6-8 8§00—-1200 5—6 800-1200 0
B 6-8 8001200 5—6 800-1200 3
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Table 2 Measured chemical compositions of TC17 titanium alloy powder and forming plates (mass fraction, %)

Material Al Sn Zr Mo Cr Ti Fe H O

Powder 5.01 2.16 2.00 4. 14 4. 20 Bal. 0. 040 0.0062 0.096
Plate A 5.28 2.09 2.02 4.13 4. 26 Bal. 0.066 0.0022 0.100
Plate B 5.15 2.16 2.02 4.20 4.24 Bal. 0.016 0. 0030 0.100

1402204-2



FRIE 18 X

M) JZ2 198 20°F (O34 # il 1 TC17 3G 4
WALREERY XOY #H  YOZ #1043 50 BURE B 47 4
SV L, A S50 F T 08 R 2 I A R i
W ACHT B I AT AILARA G 4 Kroll ¥ W 2E 47 )6 ik
i FH D/MAX-2500 8 X S} A1 HY (XRD) #1799 4
SHT 8 LEICA-DM4000 %15 2% 8 3 85 COM) Fil
JSM-6010 $9 4 fL - {2 T 8% (SEMD) 43 #7 & i 41 41, 3
Wt Image] M & o MRS RS, 4L
AR DTS B AR O AT T O0R = 5 [l /9 L )
e B T ORI & 5 10 09 T 1) %8 8 P Al R, by a2 il
iR 22, A H A S g6 i 3 A AT IR AR O 9 (H
I P A0 5 B A S IR 5ER (RO L B
(R, B 26 (A (BT T IR 46 26 (Z ) L e TR
F1-Ri A 2k . R 225 04 W 2 R AR B 7, LR G
1 38V 2% 1T B 30 R AIE

T8 2 A A R I A, A SO BE A i i TC17 ke
FIARSFE AR IR (T, ¥R (890 +5)°C, B A #fF 5T M
Y I O R T R R Rk S A AE T,
R A A R (0. 5 b B JRLE BRI 3 JC B B AR
1k, HAERAS Y 3R T (R4 FO LS 1 % 22
m A o M. AR SO T UL UTRLES B AkRIE S . N AL
B FE A 2188 X VI HGA KA 12 mm (1915 )7 A/,
¥IsE4T 910 “C /0.5 hy FC & 800 “C, ¥ A (WQ) Iy #4
ARFR, B R TERAT I S B o A A R S A
P AT H DRI (6 75 4 A0 F B4R B b R JE 5 3
H XL OB B TCL7 BURER BEAT T TC17
SBF Y M A AL B T A B (840 °C/1 h, ACH
800 °C/4 hy WQ+630 C/8 h, AC), F X Hr = M
Ab ¥ (Triplex heat treatment, THT), fr A #4b 3 5z
Y5 57 SXW-4-13 4 =X 5k B B2 0 9 A7, 5 #u 4k 3 2
Je T ZELRE S R AT T S DO RS R R [ A S R g 2
R BRI
3 R0
3.1 EMALR

PRI AN [] J2 (6] 92 20 00 S350 385 A il 3 TCL7 2K A 4
DURRZS 22 W b S5 a8 2 B s . T bk R 9 4 M
il 2 R Dl S A o8 A AE R AR AT BE AR D B 25 . AR
PR RE YOZ T 5 LA UURRUZ Hp 2 ] %2 31 B
R RRE o A AR — e O Ml s h R R A T
DUBUZ M AR AS X (I 41 2175 Ji5 2 $Ah B v 34 ] 4%
B2k AR T A A 2N R R R A B O AR A
X, WFFR R AR RS A X A7 78 2 D o 0 R ot 2 v i
JEILRED TARSER MG 2, A& 4 aER
X ZHO G A RAME S, R A RS
K SEEE K 7 mm, MAAE B WIERA X SEE N 4 mm,
J2 B4 H AT DA 0 B2 IR R R AR AR IR EE LR,
Je S OB 2 I A 5 S 1 T B i R G i 22 it
FE BRI X o FHRST 3R 400N, J0 75 3K 1) 3406 34

F£49% £ 14 H1/2022 £ 7 B/hE#t

5mm §
M ———

B 2 ASIRZ A A O3 M 6l TC17 Z WA 2,
(a) ()R FE Az (b)) (DFE B

Fig. 2 Macroscopic structures of TC17 titanium alloy

fabricated by laser additive manufacturing with
different interlayer cooling. (a) (c¢) Sample A;
(b)(d) sample B
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Fig. 3 Morphologies of 8 grain. (a)(c) Sample A; (b)(d) sample B
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Fig. 5 Microstructures of TCI17 titanium alloy fabricated by laser additive manufacturing with different interlayer cooling.
(a)(c) OM and SEM images of equiaxed grain region in sample A; (b)(d) OM and SEM images of equiaxed grain region

in sample B
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Fig. 6 Microstructures of TC17 titanium alloy after triplex heat treatment. (a) OM image of equiaxed grain region in sample A;

(b) OM image of equiaxed grain region in sample B; (c¢) SEM image of equiaxed grain region in sample A; (d) SEM

image of equiaxed grain region in sample B; (e) SEM image of grain boundary in equiaxed grain zone of sample A;

(f) SEM image of grain boundary in equiaxed grain zone of sample B
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Table 3 Contents and sizes of different scale a phases in laser additive manufacturing of TC17 titanium alloy

Sample Treatment Volume fraction Volume fraction Width of Aspect ratio of Width of
of o,/ % of a./% a,/pm a, agp/ pm
As-deposited 34.6+£1.2 - 0.6140.13 7.71 0. 87
A THT 49.8+0.6 13.640.6 1.01+0.19 4. 86 1.85
As-deposited 69.7+2.1 - 0.086=+0.03 ~10 0.105
b THT 50.641.6 12.9+1.6 0.84+0.17 6.12 1.95
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Table 4 Tensile properties of TC17 titanium alloy fabricated by laser additive manufacturing with different interlayer cooling

Sample Direction UTS /MPa YS /MPa EL /% RA /%
L 1128 1076 10.5 20.7
A
T 1106 1054 5.8 18.3
L 1250 1213 2 3.7
B
T 1309 1303 0.5 1
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Fig. 7 Longitudinal sections of L-direction tensile fracture of TC17 titanium alloy fabricated by laser additive manufacturing

with two kinds of interlayer cooling. (a)(c) Sample A; (b)(d) sample B
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Fig. 8 Tensile fracture morphologies of as-deposited sample A. (a)(c) L-direction; (b)(d) T-direction
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Fig. 9 Tensile fracture morphologies of as-deposited sample B. (a)(c) L-direction; (b)(d) T-direction
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Table 5 Tensile properties of TC17 titanium alloy fabricated by laser additive manufacturing after triplex heat treatment

Sample Direction UTS /MPa YS /MPa EL /% RA /%
L 1175 1136 6.7 9.0
A(THT)
T 1160 1130 3.8 7.0
L 1089 1039 9.7 17.7
B(THT)
T 1128 1105 5.0 9.0
Aviation-standard Axial =1120 =1030 =5.0 =10.0

S EMT TC17 #BfF i == A B, ARZ
V] ¥4 1 ) OGS B il TCL7 Bk & 4 RRE 1) = IR B A
PERE B 5 R 28 S PR AT 21 I S 24 5 (EL AT G 12 7 o J3E R
PNk B SC B R G A DT P L R B 8 B TR BT K
PRl T 3 FH T 0O 38 A1 i TC17 8R4 4 19 & T #4
Ab TR ST AR T B A BRI 25 A AR AT O S H R A
LLEUR T 2 PR BE A 52 W ML A L 0 T 40 58 JOG 1Y B il &
TC17 kA 4 B I R 245 22

4 4k 1w

SR FF G188 b i 3 12 AR 1 A 1 T R OAS [R) U2 ) ¥4 A
T L TR TCL7 kA 4 IR &S b 47 = F A0 31 L BF
FE T DR ZS F A T 285 4 41 20 R Bor A 1k i L o 0O 4
Ml TC17 k& 40y TR AL I R4t T s B %,
HARZ T,

1) AS[R]JZ 6] ¥4 20 00 0O6 36 41 il i TC17 KA &
T [T 21 235 Sy JEL ST HE B B4 TR B / A A TR A 8L 2
V) ¥4 0005 75 J Tt T P8 0 86 A, S B0 IR b A K R
LS B DX B R SR AT IR R TR B T AR 1

W B AR B AR R A Y .

2) BENIY OB M s TC17 8k & & B
HEN o« FZS B EARM L DS AL, Z B E T
AT HE BB K, A S A R AR 2 o
HH B A A8 5 R 2 Wi A TN 40 4 200 o A A R 40 i 3
I R )2 58 BE R,

3) HEE MY MO Ml s TC17 4k & & Ui
A\ hr A B TP o B A R 400 1128 MPa
10. 5 %0 » W 1 55 ok A58 iy 450) 2 R 284 5 2 0] 94 400 5 B0
FEARTE WP REAIG L 45 1 53 M 38 i, LT SR ML o 5 AR
Sy i B T 2

4) ) J2 (B V8 H1 I SO B Ml 1 TCL7 il FE &
S E AN S Y R T AH T A RS 2L, = R A R
AL,y BT DL & 3 AY 5 2 # A B T2 0T DL ERE i E
T.AARF R HLA TP REE R,

s & x #
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Abstract

Objective The process characteristics of directed energy deposition melting point by point and stacking layer by layer
determining the core process parameters of laser additive manufacturing, such as laser power, scanning velocity, powder
feeding rate, layer thickness, overlap rate, and scanning strategy, have a decisive impact on the microstructures and
mechanical properties of the titanium alloy components fabricated by laser additive manufacturing, which finally decide
whether the components could meet the performance requirements of engineering applications. This work takes the near-
B TC17 high strength titanium alloy widely used in advanced aero-engine blisk as the research object. In the process of
laser additive manufacturing, different positions of components inevitably experience different interlayer cooling time,
which results in the difference of the temperature field distribution and the thermal cycle history. All these complex
factors affect the structures and property characteristics of as-deposited components, even the microstructural evolution
undergoes the subsequent heat treatment. However, as a key process parameter of laser additive manufacturing, the effect
of interlayer cooling on the microstructures and mechanical properties of near-§3 high strength titanium alloys fabricated by
laser additive manufacturing is not clear. This paper is committed to investigate the difference of microstructures and
tensile properties of as-deposited TC17 titanium alloys experiencing different interlayer cooling time, and explore the
internal variable rules contributing to the massive applications of laser additive manufacturing of TC17 blisk.

Methods The LMD-V coaxial powder feeding laser forming system developed independently by our research group is
used to melt the TC17 powder in which the surrounding argon inside is taken as the protective atmosphere and the rolled
TC17 plate is used as the substrate. The relatively mature deposition process of high strength titanium alloys is selected to
fabricate two thick plates with a geometric size of 200 mm( Y) X 40 mm( X) X 200 mm(Z), both of which are subjected to
anneal and release stress. The as-deposited and heat-treated samples used to observe the microstructures and measure the
tensile properties are obtained from the steady-state region of the plate. Three rods are first removed in parallel along the
deposition increasing direction (L-direction) and the laser moving direction ( T-direction) of the samples, respectively,
and then they are processed into the standard room-temperature tensile samples. All the heat treatment tests are carried
out in the same box furnace. The microstructures of the samples corroded by Kroll reagent after polishing are observed by
optical microscope and scanning electron microscope, and the volume fraction and size of « phases are counted and
measured by Image] software.

Results and Discussions Along the deposition increasing direction, sample A presents the morphology of alternating
arrangement of the columnar grain region and the equiaxed grain region, and the grains of sample B also show the
morphology of periodic arrangement, but the middle area of the molten pool is a “bamboo” grain morphology composed of
a row of elongated small columnar grains and a row of fine equiaxed grains (Fig. 3). With the increase of interlayer
cooling time from O min to 3 min, the preferred orientation of columnar grains is more obvious. The continuously formed
sample A has a bimodal structure, while the interlayer cooled sample B has a basket structure containing ultra-fine «
lamellar (Fig. 5). These results show that the interlayer cooling time has an appreciable effect on the microstructures of
as-deposited alloys, and the size and content of the « phase are quite different. However, after the triple heat treatment,
the two groups of samples show the bimodal structural characteristics (Fig. 6). The continuously formed sample A
displays good comprehensive mechanical properties, including reliable tensile strength and excellent ductility (the ultimate
tensile strength could reach up to 1128 MPa along the longitudinal direction of the sample and the elongation is 10.5% ),
which both meet or exceed the level of forgings undergoing a standard heat treatment (Table 4). The increase of
interlayer cooling time leads to the mechanical characteristics performing high strength and low plasticity, and the fracture
mechanism of as-deposited alloys changes from a typical ductile fracture to a cleavage brittle fracture (Figs. 8 and 9).
After the triple heat treatment, the great differences of the room temperature tensile properties of two samples for
different interlayer cooling time have been significantly improved, but it fails to achieve good matching in strength and
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plasticity.

Conclusions  The solidification structure of TC17 titanium alloy fabricated by laser additive manufacturing under
different interlayer cooling time is the mixture of periodically arranged columnar and equiaxed grains. The increase of
interlayer cooling time raises the temperature gradient of a molten pool, resulting in stronger columnar grains growth,
and the equiaxed grains change concurrently to bamboo grain morphologies. The original 8 grain sizes of the cross sections
of the two samples are almost equal. The microstructures of continuously formed TC17 titanium alloys are bimodal. With
the increase of interlayer cooling time, the microstructure changes to basket-weave. Besides that, the volume fraction of
a phase increases and the lamellar width decreases significantly. The tensile strength and elongation of continuously
formed as-deposited TC17 titanium alloys are 1128 MPa and 10.5%, respectively, and the fracture morphology shows a
typical ductile fracture. The increase of interlayer cooling time leads to the increase of strength, the decrease of
plasticity, and the enhancement of anisotropy, because its fracture mechanism also changes to a cleavage brittle fracture.
Two groups of TC17 titanium alloys form similar bimodal microstructures and the room temperature tensile properties
after the triple heat treatment. It can be seen that an appropriate subsequent heat treatment can improve the differences
of microstructures and properties caused by different forming processes.

Key words laser technique; laser additive manufacturing; TC17; interlayer cooling; heat treatment; microstructure;
tensile property
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